We explore the skyrmion formation and control possibilities in 2D magnets from the ubiquitous moiré pattern in vdW heterostructures. Using the example of a ferromagnetic monolayer on an antiferromagnetic substrate, we demonstrate a new origin of skyrmions in the 2D magnets, from the lateral modulation of interlayer magnetic coupling by the locally different atomic registries in moiré. The moiré skyrmions are doubly degenerate with opposite topological charge, and trapped at an ordered array of sites with the moiré periodicity that can be dramatically tuned by strain and interlayer translation. At relatively strong interlayer coupling, the ground states are skyrmion lattices, where magnetic field can switch the skyrmion vorticity and location in the moiré. At weak interlayer coupling limit, we find metastable skyrmion excitations on the ferromagnetic ground state that can be deterministically moved between the ordered moiré trapping sites by current pulses. Our results point to potential uses of moiré skyrmions both as information carriers and as drastically tunable topological background of electron transport.
Recent discovery of monolayer ferromagnets has provided unprecedented opportunities for exploring magnetisms and their spintronic applications in the two-dimensional (2D) limit 1, 2 . Atomically thin magnetic tunnel junction devices [3] [4] [5] [6] [7] , and gate-tunable magnetism [8] [9] [10] [11] are already demonstrated in van der Waals (vdW) heterostructures made with the 2D magnets.
In vdW heterostructures, the way functional layers stack is critical in determining the materials properties. For example, long-period moiré pattern with the spatially varying interlayer atomic registry can lead to the observations of various intriguing topological and correlated phenomena in graphene [12] [13] [14] [15] [16] [17] [18] , and lateral patterning of electronic structures in transition metal dichalcogenides 19 . For CrI 3 where monolayer is discovered as an Ising ferromagnet 2 , first principle studies suggest that a homobilayer can have either antiferromagnetic (AFM) or ferromagnetic (FM) interlayer order depending on the interlayer registry 5, [20] [21] [22] . The registry dependent magnetic coupling is also expected in the vdW heterostructure formed between a FM monolayer and a magnetic substrate, especially when the latter has a lateral AFM order [23] [24] [25] [26] [27] [28] . In the context of moiré pattern formation, the atomic registry dependence in the interlayer magnetic coupling and ordering points to the intriguing possibility of magnetization textures defined by moiré.
Skyrmion is a vortex or anti-vortex like magnetization texture protected by nontrivial topology which has attracted intense interest for their promising potentials in spintronics technology [29] [30] [31] [32] [33] [34] [35] [36] . In most systems observed [32] [33] [34] [35] , skyrmions originate from the chiral Dzyaloshinskii-Moriya interaction (DMI) that exists only under broken inversion symmetry and strong spin-orbital coupling [29] [30] [31] , which has limited the material choices. New and general mechanisms for skyrmion formation and new means of skyrmion control are highly desired for its exploration in the emerging arena of vdW 2D magnets.
Here we explore the skyrmion formation and control possibilities from the long-period moiré pattern in vdW heterostructure of 2D magnets. The skyrmion formation can be rooted in the local-to-local variation of atomic registry in the moiré and the registry dependent interlayer magnetic coupling, which we demonstrate using the example of a FM monolayer on a layered AFM substrate with lateral Néel order. We show that, under the moiré modulation, interlayer exchange coupling favors periodic domain structures in the monolayer magnet, whereas interlayer dipolar coupling can wind domain boundaries to form skyrmions.
At large moiré periodicity, the ground states are doubly degenerate skyrmion lattices characterized by opposite topological charge. An external magnetic field can switch the vorticity and location of skyrmions in the moiré. The skyrmion lattices can be dramatically tuned by small interlayer translation and strain through the moiré magnification effect. These form the basis of magnetic and mechanical control of the moiré skyrmion lattices. At weaker interlayer coupling or small moiré period where the monolayer remains in FM phase, we find that local magnetization reversal can generate and erase metastable skyrmion excitations that behave like quasiparticles trapped in a superlattice potential. Current pulses can deterministically move such skyrmion excitations between the ordered trapping sites. These control possibilities point to potential use of 2D magnets moiré as a lateral register array using skyrmion excitations as information carriers. between two sites from the two layers (Fig. 1b inset) . So the moiré in general can be described by a mapping function r(R) that gives the local atomic registry as a function of location R in the moiré.
We consider AFM substrate of lateral Néel order and perpendicular anisotropy [24] [25] [26] 37 .
The interlayer magnetic coupling from such substrate and the resultant magnetic ordering of the FM monolayer are highly sensitive to the atomic registry. As Fig. 1b schematically shows, the interlayer exchange coupling aligns the monolayer magnetization in opposite out-of-plane directions when the atomic sites of FM monolayer sit on top of the two AFM sublattices with opposite magnetic orders. In the moiré, the local-to-local variation in interlayer registry therefore realizes a lateral modulation in interlayer magnetic coupling that tends to generate magnetization textures in the monolayer magnet (e.g. opposite magnetizations at the two locals R 1 and R 2 ). This can be general in long-period moiré between different magnets of either in-plane or out-of-plane anisotropy (more cases discussed in Supplementary Notes).
The interlayer magnetic coupling has the exchange and dipolar contributions, both of which are functions of position R through their dependence on the local registry r(R). Fig. 1c and 1d show the interlayer exchange field ex ( ) and dipolar field dd ( ) respectively from the AFM substrate, plotted as a function of within a moiré supercell (c.f.
Supplementary Note 1 for details of the calculation). The exchange coupling is isotropic so ex only has the component (z) along the direction of AFM order. The dipolar field dd is typically much weaker; nevertheless it also plays a key role in determining the form of magnetization texture.
The magnetization of the FM monolayer orders according to the competition between ex and dd that favor magnetization textures, and the intralayer exchange interaction that favors uniform order, which can be modeled with the effective Hamiltonian,
Here i is the normalized local magnetization at i-th site and < , > runs over all nearest neighboring sites of the hexagonal lattice. > 0 is the ferromagnetic intralayer exchange, and ext is an external magnetic field. The results presented in the main text below use = 0.014 , a weak perpendicular magnetic anisotropy that corresponds to the ferromagnetic monolayer CrBr 3 being actively explored 6 . The relative strength between the interlayer exchange field ex , interlayer dipolar field dd , and intralayer exchange coupling I, vary between different heterostructure choices, to be determined in future experiments. So their ratios are accounted here as variables in the calculations. The steady state magnetic configurations and the dynamics are solved from the coupled Landau-Lifshitz-Gilbert equations:
where i eff = − ∂H/ ∂ i , γ and α are the gyromagnetic ratio and Gilbert damping coefficient respectively. The ground states and excited states magnetic configurations are obtained by relaxing from various trial configurations, where we use α = 1 for faster convergence. Figure 2a shows the phase diagram as a function of the moiré periodicity A and strength of the interlayer magnetic coupling, at zero external magnetic field.
Skyrmion lattices. ---
When the interlayer coupling or the moiré period gets large, magnetic domains form at the moiré periodicity due to the dominance of the interlayer exchange field that has a sign change in a moiré supercell. Furthermore, the competition between the interlayer dipolar field and intralayer exchange at the domain walls leads to two distinct phases of magnetization textures.
At the small A side, the magnetic moments at domain walls are The magnetic field can tune the size of the skyrmions, as a positive (negative) field tends to increase the area of the red (blue) domains. A skyrmion configuration becomes unstable when its boundary exceeds the moiré supercell boundary (see Fig. 2c and inset) , where the domain wall will reconfigure together with those at neighboring supercells. Remarkably, the reconfiguration only happens between the vortex-like ( = 1) and antivortex-like ( = −1)
skyrmion lattices with the same topological charge C. Green (orange) arrows in Fig. 2c indicate the evolution of magnetic configurations by sweeping the magnetic field up (down),
for an initial state of C = 1. The topological charge is always conserved, while the vorticity and location (R 1 vs. R 2 in the moiré supercell) of skyrmions switch. Such switching is accompanied by the sign change of net magnetization 〈m z 〉, and can therefore be detected as a magnetic hysteresis in sweeping magnetic field (see Supplementary Note 6).
The skyrmion lattice ground states and metastable excited states can be exploited for information storage using both the binary topological charge C and vorticity . The product × C corresponds to the sign of the net magnetization that can be directly measured using, for example, magneto-optical effects 1, 2 . When the magnetization is coupled to conducting electrons, the emergent electromagnetic field Ω generates a topological Hall current 29 The moiré defined magnetization textures also feature remarkable mechanical controllability. The moiré pattern magnifies a small translation between the layers into a large shift of the superlattice by an amplification factor of / . This allows dramatic tuning of the skyrmion locations through tiny interlayer translation (Fig. 3a) , for example, by a mechanical force exerted by an atomic force microscope tip 38 . At open edges, we find reconstructions of the skyrmions, where the domain walls tend to align perpendicular to the edges (Fig. 3a) .
Since the doubly degenerate ground states at zero field ( The moiré magnification effect also amplifies strains 39 , which can be used to dramatically tune the periodicity and shape of the magnetization texture. For example, when a relative biaxial strain tunes the lattice mismatch between the two layers, the periodicity of moiré skyrmion lattices scales as = 1 . At small , a tiny strain can significantly change . The magnitude of the emergent electromagnetic field Ω scales inversely with 2 , thus the strain tuning in can manifest as a remarkable control on the Hall angle of the topological Hall effect (Fig. 3c) . The strain tunability of moiré periodicity can also be exploited for controlling phase transition between the skyrmion lattice, magnetic bubble lattice, and the FM state (Fig. 2a) .
Skyrmion excitations in the FM phase. ---Now we turn to the parameter regime of weak interlayer magnetic coupling or small moiré period where the intralayer exchange dominates.
The ground state is then a FM state without domains (c.f. Fig. 2a ). We find that the moiré modulated interlayer magnetic coupling, albeit weak, tends to evolve a locally created domain of reversed magnetic configuration into a metastable skyrmion. For FM ground state of negative (positive) magnetization, the metastable skyrmion excitation can be created at the In Supplementary Figure 6 , we show the phase diagrams calculated at = 0.057 and = −0.016 which correspond to the anisotropies of CrI 3 and CrCl 3 respectively 42, 43 . With the increase of perpendicular anisotropy, the formation of domain walls costs more energy, so FM phase is more favored. Nevertheless, skyrmion lattice phase is still found with its boundary shifted to the stronger interlayer coupling and larger moiré period side, while the magnetic bubble phase is absent at = 0.057 . Under easy-plane anisotropy, magnetic domains with alternating signs of m z can still form at relatively large interlayer exchange.
Because of the larger width of the domain walls in such case, the intralayer exchange can dominate over the interlayer dipolar field in aligning the magnetization along the domain walls, and magnetic bubble lattices are thus favored.
We have also looked into vdW heterostructure of monolayer magnet on AFM substrate of easy-plane anisotropy (e.g. MnPSe 3 23 ). In such case, the moiré modulated interlayer magnetic coupling can also lead to skyrmion lattice phase in FM monolayer of weak perpendicular anisotropy, where the skyrmions feature a different shape and trapping location in the moiré supercell (c.f. Supplementary Figure 12) . 
